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In recent years, the research on renewable energy is gaining momentum because of the shortage of 28 fossil fuels and emission problems [1] . Among the various kinds of renewable energy sources, 29 biomass is widely considered to be an important energy source for the future as it is the only source in 30 this category which can produce solid, liquid and gaseous fuels [2] . Biomass can be converted to 31 more valuable forms of energy through a number of processes including thermal, biological, and 32 mechanical or physical processes. Even though the pyrolysis technique has been applied for thousands 33 of years, it has gained a considerable interest only during the last 30 years [3] . Fast pyrolysis is a 34 17] cyclone separators and even ESPs (electrostatic precipitators) [18] [19] [20] used in pyrolysis 48 technology, very few research attempts have been made on the modelling of the condensation units 49 [21, 22] . This is primarily due to the complex nature of the physics involved in the condensation 50 process of pyrolysis vapours. Also, the limited availability, or in some cases the total absence, of 51 experimental data for specific types of condensers, impose significant restrictions in the development 52 of detailed and validated numerical models. 53 The development of a condensation model prerequisites a representative description of the pyrolysis 54 vapour components. Typical bio-oil consists of a complex mixture of over 300 chemical components 55 [23] . From the literature it is observed that few computational modelling efforts have been made on 56 the evaporation of biomass pyrolysis oil droplets. Two approaches were primarily used to represent 57 the bio oil composition. One approach is with a continuous thermodynamics model [24 -27] and 58 another with a discrete representation based on selected components in the bio-oil [28] . 59 In the continuous thermodynamics model, a multi-component mixture like bio-oil can be represented 60 by few chemical groups that can be characterized using probability density functions. The parameters 61 of each distribution function can be derived by conducting numerical distillation tests [24] . This 62 technique has been successfully employed so far in the evaporation modelling of the bio oil. 63 Numerous studies are based on this principle. However, this may not be true for biomass derived oil; 64 mainly because of its nature and that it cannot be easily distillable [29] . 65 On the other hand, the discrete representation of the bio-oil composition facilitates the inclusion of a 66 finite number of species which can be deduced from GC/MS analysis. Conversely, representing bio-67 oil's composition with this method is not complete, as the bio-oil is composed of hundreds of different 68 species. Evaporation modelling of bio-oil droplets with this method was presented by Brett et al. [31] . and hence the composition of the vapours varies continuously. 74 The scope of this paper is to simulate the phase change phenomena and to capture the selective 75 condensation of the pyrolysis vapours inside the liquid collection system (LCS). In this study a 76 double surface water condenser shown in Fig. 1 
128
The values of the six universal γ coefficients which were used in above two equations are listed in 129 pressure of the particular species in the system as given in the eq. 5. 16.68 ሺ0.1338 ܶ െ 0.0932ሻ
155 where ߦ is inverse viscosity and expressed in ߤܲ ିଵ this can be calculated by using eq. 8.
157
The reduced mixture temperature ܶ is expressed as the ratio between temperature and mixture ܶ .
162
In the above equation, the universal gas constant R is equal to 82.05746 (atm. cm3/ mol-K). Table 4 . 
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The interphase momentum exchange coefficient ‫ܭ‬ defined as 
220
The diffusion flux ‫ܬ‬ ̅ of the component i is computed based on Fick's law which states that mass 221 diffusion is due to concentration gradients.
222
The energy conservation for phase p is given as The implementation of the hydrodynamic model is based on the following assumptions.
234
I.
The pyrolysis vapours together with the carrier gas nitrogen is treated as an ideal mixture.
235
This is mainly due to the unavailability of the excess function data in the literature.
236
II.
The density of the species over the computational domain was calculated based on the ideal 237 gas assumption. However, while estimating the vapour pressures, and critical properties such 238 as viscosity and thermal conductivity, real gas behaviour was considered. Fig. 2(a) . From this figure, it is evident that the condensation is more intense at the 258 surfaces at which the cooling water is in contact with. It also demonstrates the bio-oil droplet 259 accumulation on the condenser during the condensation process. The dynamics of the bio-oil mist is 260 highly influenced by the gas flow within the condenser. This is evident from the contours on the inner 261 tube surface volume fraction as they can be seen in Fig. 2(b) , where a ripple like formation is 262 observed. In the case of the outer tube, the gas flow at the bottom side forces the bio-oil droplets into 263 the central zone of the annular section.
264
In Fig. 3 , the contours of the gas temperature are shown, where it can be observed that the gas Another interesting point that can be observed in Fig. 4 is that the values of the relative saturation 304 increase sharply for many components at around 0.18m. This is primarily attributed to the rise in gas 305 pressure near the exit of the condenser due to the diffuser effect at the point where the inner tube ends.
306
As the inner tube ends, the cross sectional area increases steadily over a small distance which The reduced temperature variation of all components within the vapour phase can be seen in Fig. 11 .
332
The reduced temperature, which represents the ratio between the vapour temperature and the sharp increase in it; this is also evident in Fig. 7 . This phenomenon can be attributed to the sudden 351 expansion of the cross-sectional area at the end of the inlet tube, which at the same time induces some 352 gas recirculation at that region, followed by another contraction at the very end of the condenser. It is also mentioned that the pH value of the first stage condensed bio-oil is higher than the subsequent 365 collection stages. This was primarily due to the condensation of the acidic components at the later 366 stages. In this numerical study, we also observed the similar trend where acids like formic acid and 367 acetic acid are not condensed in the present condenser.
368
It is worth commenting that the vapour thermochemical properties and in turn the condensation 369 patterns of it will vary if a different initial vapour composition is used. In the real cases, the bio-oil 370 and pyrolysis vapour composition is much more complex than the one described in this work. Relative mass fraction compared to the inlet mass fractions. 
